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HIGH-SENSITIVITY TRACKING IN FREE-SPACE 
OPTICAL COMMUNICATION SYSTEMS 

TECHNICAL FIELD 
OF THE INVENTION 

This disclosure relates generally to free-space optical communication systems, 
and more particularly, but not exclusively, to apparatus and methods for implementing a high- 
power or high-sensitivity tracking mode of operation during inclement weather conditions to 
maintain alignment between two free-space optical terminals. 

BACKGROUND INFORMATION 
With the increasing popularity of wide area networks, such as the Internet or the 
World Wide Web, network growth and traffic have exploded in recent years. Network users 
continue to demand faster networks, and as network demands continue to increase, existing 
network infrastructures and technologies are reaching their limits. 

An alternative to existing hardwire or fiber network solutions, which suffer from 
limited capacity or exponentially increasing construction costs in "the last mile" of the 
communication system, is the use of wireless optical telecommunications technology. Wireless 
optical telecommunications utilize beams of light, such as lasers, as optical communication 
signals, and therefore do not require the routing of cables or fibers between locations. Data, or 
other information, is encoded into a beam of light, and then transmitted through free space from 
a transmitter to a receiver. 

For point-to-point free-space laser communications, the use of narrow optical 
beams provides several advantages, including data security, high customer density, and high 
directivity. High directivity makes the achievement of high data rates and high link availability 
easier, due to higher signal levels at a receiver. In order to take full advantage of this directivity, 
some form of tracking is often necessary to keep the antennas of the transmitter and of the 
EL429890542US 1 
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receiver properly pointed at one another. For example, a transmitted optical beam with a 1-mrad 
divergence has a spot diameter at the receiver of about 1 m at a 1 -km range. Also, due to the 
small size of high-bandwidth, high-sensitivity photodetectors, the receiver field of view is 
typically less than 1 mrad. Thus, movement of the transmitter or receiver by even a small 
fraction of the divergence (or field of view) could compromise the link unless some form of 

active tracking is employed. 

Charge coupled device ("CCD") arrays, quadrant cell optical detectors, or lateral 
effects cells ("LECs") are among the devices that can detect receiver pointing errors in a tracking 
system, and hereinafter are referred to as tracking detectors. Note that these tracking detectors 
may incorporate one or more methods of internal amplification to enhance sensitivity as in 
avalanche photodiodes or micro-channel plate photomultipliers. In any case, an electrically 
controllable steering mirror, gimbal, or other steering device may be used to maximize an optical 
signal (e.g., light) directed at a high speed detector, based on information provided by the 
tracking detector. This is possible since optical paths for tracking and communication are co- 
aligned at the time of manufacture, and the nature of a tracking signal for a perfectly aligned 
signal is known. CCD tracking is very sensitive, offers potentially more immunity to solar glint 
than simpler detectors because of the ability to ignore glint "features" on the CCD array through 
image processing, and is in general, a well-proven tracking method. However, at certain 
communication wavelengths, a tracking beam is often necessary that is separate from the 
communication beam and has a different wavelength that is within the spectral sensitivity band 
of CCD detection systems. Such separate wavelength tracking beams, often referred to as 
"beacons," may be used with their own set of transmit and receive optics, thereby requiring the 
use of additional hardware. Furthermore, designs using separate beacon and communication 
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optical transmitters require more time in manufacturing because of the need to co-align the two 
optical transmitters. Such separate transmitter paths are also more susceptible to misalignments 
due to mechanical shock and/or thermal stresses. 

In cases where the tracking function is performed with the communication beam, 
a majority of the received optical signal is typically directed to the high-speed detector for the 
communications channel, while a small portion {e.g., 10 percent) is split off or directed to the 
tracking detector. For an aligned optical system using a quad cell based tracking sensor, an equal 
signal in all four quadrants will normally indicate that the steering mechanism has optimally 
directed the optical communication signal onto the high speed detector, and where there is 
deviation from this alignment, the steering mechanism will direct the optical signal back to this 

optimum equilibrium. 

One method of signal detection via a tracking detector utilizes a low frequency 
tone superimposed on a data communication signal which can be recovered using a variety of 
methods in the receive electronics. An example of such a method is described in detail in 
commonly-assigned U.S. Patent Application serial No. 09/627,819, entitled METHOD AND 
APPARATUS FOR TONE TRACKING IN WIRELESS OPTICAL COMMUNICATION 
SYSTEMS, filed July 28, 2000. This method uses a tone {e.g., 20 kHz) superimposed on a data 
communication signal and having a small modulation depth or occupying a distinct spectral band 
as compared with the primary digital or modulated data communication signal. The modulation 
depth of the 20 kHz tone may be as little as a few percent of the amplitude of an on-off keyed 
("OOK") signal used to convey digital information, so as not to adversely impact the data 
communication channel sensitivity. The advantage of tone modulation detection is an enhanced 
sensitivity gained via use of a narrow-band electronic filter or lock-in detector that will eliminate 
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wide-band electronic noise. In addition, tone modulation allows the tracking system to isolate a 
modulated tracking signal in the presence of background light that is not modulated. 



fog or the like, in which the "line of sight" between a pair of free-space optical terminals 
5 becomes obstructed to such an extent that the communication and/or tracking signals may be lost 
due to the attenuation of the signal between terminals. In situations in which the inclement 
weather condition persists for an extended period of time, the alignment between the pair of 
terminals may begin to drift. This drift may ultimately lead to a misalignment of the terminals, 
thereby necessitating a time-consuming re-acquisition sequence following clearing of the 
SI inclement weather condition before communications between the terminals may resume, 



A unique tracking problem arises during inclement weather conditions, such as 




resulting in extended delays and protracted service interruptions. In some circumstances, 
lingering effects of the inclement weather condition, such as fog, may also hamper the re- 



acquisition sequence. 
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V 

SUMMARY OF THE 
ILLUSTRATED EMBODIMENTS 

An aspect of the illustrated embodiments is to provide systems and methods for 
implementing a high-power or high-sensitivity tracking mode of operation in a free-space optical 

5 communication system during inclement weather conditions to maintain alignment between a 
pair of free-space optical terminals. When an inclement weather condition interferes with the 
transmission of a signal between the pair of free-space optical terminals, the high-power or high- 
sensitivity tracking mode of operation may be enabled to alter the characteristics of the signal 
being transmitted or alter the configuration of the receiver to improve the performance of 

1 QL, tracking, and thereby allow the terminals to remain aligned through the weather condition. 



Ill 



'Sis?!. 



if 



EL429890542US 



5 



Utility Patent Attorney Docket No. : 004524.P054 

BRIEF DESCRIPTION OF THE 
VARIOUS VIEWS OF THE DRAWINGS 

In the drawings, like reference numerals refer to like parts throughout the various 
views of the non-limiting and non-exhaustive embodiments of the present invention, and 
5 wherein: 

Figure 1 is a block diagram illustrating communication electronics for generating 
and transmitting a signal in accordance with an embodiment of the present invention; 

Figure 2A is an illustration of an example low-frequency tracking tone; 
Figure 2B is an illustration of an example digital OOK signal; 
1CL Figure 2C-2E are illustrations of various example digital OOK communication 

signals with the low-frequency tracking tone of Figure 2A superimposed thereon in accordance 
with an embodiment of the present invention; 

Figure 3 is a pictorial block diagram illustrating an embodiment of a free-space 
optical receiver in accordance with an embodiment of the present invention; 
151 Figure 4 is a block diagram illustrating another embodiment of communication 

electronics for generating and transmitting a signal in accordance with an embodiment of the 
present invention; 

Figure 5 A is an illustration of an example digital OOK communication signal 
representing ordinary operating conditions in accordance with an embodiment of the present 
20 invention; and 

Figure 5B is an illustration of an example high-power pulse being generated at a 
low-duty cycle in accordance with an embodiment of the present invention. 
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DETAILED DESCRIPTION OF 
THE ILLUSTRATED EMBODIMENTS 

Embodiments of systems and methods for implementing a high-power or high- 
sensitivity tracking mode of operation in a free-space optical communication system are 
described in detail herein. In the following description, numerous specific details are provided, 
such as the identification of various system components, to provide a thorough understanding of 
embodiments of the invention. One skilled in the art will recognize, however, that the invention 
can be practiced without one or more of the specific details, or with other methods, components, 
materials, etc. In still other instances, well-known structures, materials, or operations are not 
shown or described in detail to avoid obscuring aspects of various embodiments of the invention. 

Reference throughout this specification to "one embodiment" or "an 
embodiment" means that a particular feature, structure, or characteristic described in connection 
with the embodiment is included in at least one embodiment of the present invention. Thus, the 
appearance of the phrases "in one embodiment" or "in an embodiment" in various places 
throughout this specification are not necessarily all referring to the same embodiment. 
Furthermore, the particular features, structures, or characteristics maybe combined in any 
suitable manner in one or more embodiments. 

As an overview, embodiments of the invention provide systems and methods for 
altering the characteristics of a signal being transmitted between a pair of free-space optical 
terminals, or altering the configuration of signal reception in response to an inclement weather 
condition. A variety of techniques may be utilized to alter the signal characteristics or the 
configuration of the receiver in order to maintain alignment between the pair of free-space 
optical terminals during the inclement weather condition, thereby facilitating the transmission of 
communications between the pair of terminals following abatement of the inclement weather 
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condition without further delaying the interruption in service. It should be understood that the 
free-space optical communication system of the present invention may employ separate 
transmitter and receiver units, or may comprise transceiver units capable of communicating with 
other transceiver units, transmitter units, receiver units, or other system components. Other 

5 features of the illustrated embodiments will be apparent to the reader from the foregoing and the 
appended claims, and as the detailed description and discussion is read in conjunction with the 
accompanying drawings. 

Referring now to the drawings, and in particular to Figure 1, there is illustrated a 
block diagram of communication electronics 10 for generation and transmission of a signal in 

ld% accordance with an embodiment of the present invention. Under ordinary operating conditions 

" 

JM* wherein little or no inclement weather condition exists to interfere with the transmission of data 

iff 

IP from one free-space optical terminal to another, the process of generating and transmitting an 

v. ; it 
■'.x-.-.' 

'i 

H optical signal 12, implemented by the communication electronics 10, begins with the encoding of 
-tl data 14 into a digital OOK signal (designated as "s(0") 16 by an OOK signal generator 18. The 

lfi digital OOK signal 16 comprises a high speed signal in an embodiment, e.g., 1.25 Gbps, and may 
vary within the megahertz or gigahertz range, for example. An example digital OOK signal is 
illustrated in Figure 2B. It should be noted at this point that the signal illustrated in Figure 2B, as 
well as other signals illustrated in the figures and discussed throughout this specification are for 
illustrative purposes only and are not necessarily drawn to scale, and do not necessarily show an 

20 accurate representation of a combination of multiplied or added signals. Components of the 
communication electronics 10 may be a part of a free-space optical terminal to varying degrees 
in embodiments of the invention, or may be physically separate but coupled thereto in other 
embodiments. 
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In one embodiment, the digital OOK signal 16 is combined, in a first modulator 
circuit, such as a signal multiplier 24, with a low-frequency (as compared to the high speed 
digital OOK signal 16) tracking tone (designated as "f(t)") 20 generated by tone generator 22 to 
produce a product signal 26. The low-frequency tracking tone 20 may vary within a frequency 

5 of 1 0 Hz to 1 00 kHz, in an embodiment. An example low-frequency tracking tone 20 is 

illustrated in Figure 2A. It should be noted that although a sinusoidal signal is described and 
illustrated with reference to this embodiment of the present invention, other types of signals may 
be used, such as square waves, triangle waves, and the like, in other embodiments of the 
invention. In various embodiments, a variety of modulation techniques may be utilized to 

ldK combine signals, including, but not limited to, amplitude modulation, frequency modulation, 

p. phase modulation, and the like. 

ill 

IP Generation of the low-frequency tracking tone 20 by the tone generator 22 may be 

t? 

^ controlled, in an embodiment, by a controller 2 1 . The controller 2 1 may vary characteristics of 
1"J the low-frequency tracking tone 20, via the tone generator 22, such as frequency, amplitude, and 
1|2 the like. In one embodiment, a sensor 23 is coupled to the controller 21 to provide input to the 
U controller 21 regarding weather conditions in proximity to the free-space optical communication 
system. In one embodiment, the sensor 23 may be configured to sense a physical characteristic 
associated with an inclement weather condition (e.g., visibility, humidity, temperature, or wind 
speed, which may be used to predict the presence of fog or other conditions), and may comprise 
20 a combination of sensing devices, such as a transmissometer, barometer, thermometer, and the 
like, to collect desired weather condition information, in an embodiment. The sensor 23 may 
comprise a component of a free-space optical terminal in an embodiment of the invention, or 
may be coupled thereto via a physical connection in other embodiments. The location of the 
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sensor 23 , configured to sense a physical characteristic of the inclement weather condition is not 
critical. The sensor 23 may be located near a transmitter terminal, a receiver terminal, or at some 
point near the path of the optical signal transmitted between the two terminals. 

In other embodiments, inclement weather conditions in proximity to the free- 
space optical communication system may be inferred from the strength of signal reception in the 
receiver (e.g., the receiver 41 illustrated in Figure 3). In these cases, the sensor 23 may comprise 
one or more detectors located at or in proximity to the receiver terminal of the free-space optical 
communication system. For example, the sensor 23 may comprise a detector configured to 
receive at least a portion of the optical signal 12, the detector coupled to electronics, in an 
embodiment, configured to receive a detected signal output from the detector and compare the 
detected signal with a pre-defined threshold. The sensor 23, illustrated in Figure 1, is not 
necessarily located in proximity to the communication electronics 10, and in various 
embodiments, the sensor 23 may comprise a component of the receiver 41, such as a high-speed 
detector 54, or a tracking detector 60 (see, e.g., Figure 3). If the strength of the optical signal 12 
being received by the detector falls below the pre-defined or preset minimum threshold, then an 
engage signal may be generated and transmitted to the communication electronics 10, a beam 
controller 47 (see, e.g., Figure 3), the tracking electronics 62 (see, e.g., Figure 3), or other system 
components, to implement a function of the high-power or high-sensitivity tracking mode of 
operation in order to maintain alignment between the pair of free-space optical terminals for the 
duration of the inclement weather condition. When the inclement weather condition diminishes 
to a degree, which permits communications to resume in the free-space optical communication 
system, then a disengage signal may be sent by the sensor 23, in an embodiment, to those system 
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components that received the previous engage signal, so that the system may resume ordinary 
operation for data transmission. 

The product signal 26, generated by the combination of the digital OOK signal 16 
and the low-frequency tracking tone 20 in the signal multiplier 24, is input to a second modulator 
5 circuit, such as a signal adder 28, wherein the product signal 26 is combined with the digital 
OOK signal 16 to produce a communication signal (designated as "g(t)") 30 with the low- 
frequency tracking tone 20 superimposed thereon, and wherein g(t) = s(t)[l + f(t)]. Examples of 
communication signal 30 are illustrated in Figures 2C-2E with varying amplitudes of the low- 
frequency tracking tone 20 superimposed on the digital OOK signal 16. 
l(f y? In one embodiment, under ordinary operating conditions, the amplitude A of the 

low-frequency tracking tone 20 is within the range of 5-10 percent (or other suitable low- 

%p 

f I amplitude modulation depth) of the amplitude of the digital OOK signal 16 (see, e.g., Figure 2C). 

m 

y By choosing an amplitude within the range of 5-10 percent, the tracking tone 20 has a minimal 
J effect on the digital OOK signal 16, as contained in the communication signal 30, thereby 
1 ffj ensuring that the receiver sensitivity, which is a measure of the fidelity of data reception at the 
jU, far end of the link, is not significantly compromised in the transmission process by the 
incorporation of the low-frequency tracking tone 20. 

In one embodiment, when an inclement weather condition is sensed either by the 
sensor 23 via a physical characteristic associated with the inclement weather condition, or via a 
20 defined reduction in signal strength, the engage signal may be sent by the sensor 23 to the 
controller 21 in the communications electronics 10 to modify the amplitude A of the low- 
frequency tracking tone 20. With reference primarily to Figures 2D and 2E, examples of the 
communication signal 30 are illustrated with varying amplitudes of the low-frequency tracking 
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tone 20 superimposed thereon. Figure 2D illustrates an embodiment wherein the amplitude A of 
the low-frequency tracking tone 20 represents approximately 40% of the amplitude of the digital 
OOK signal 16 encoded with data 14. The communication signal 30, as embodied in Figure 2D 
may permit the continued transmission of data depending on the sensitivity of the receiver and/or 
detector receiving the communication signal 30. Figure 2E illustrates an embodiment wherein 
the amplitude A of the low-frequency tracking tone 20 represents approximately 100% of the 
amplitude of the digital OOK signal 16 encoded with data 14. The encoded data in the 
communication signal 30, embodied in Figure 2E, maybe too compromised to effectively 
communicate data due to the likelihood of errors occurring at the receiver and/or detector. Under 
these circumstances, the communication electronics 10 may discontinue coding the data 14 into 
the high-speed signal (e.g., discontinue the high-frequency data modulation portion of the 
communication signal) with the signal generator 18 such that the output from signal generator 18 
is a time invariant value of 0.5. The resultant communication signal 30 in this case is entirely the 
low-frequency tracking tone, and the retransmitted power is directed with maximum efficiency 
to the low-frequency tracking detector receiver electronics. In one embodiment, the high- 
frequency data modulation portion of the communication signal may be resumed in response to a 
disengage signal, as mentioned previously. In one embodiment, the communications electronics 
10 may vary the amplitude A of the low-frequency tracking tone within a range of 5%-100% in 
response to the engage signal sent in response to a sensed inclement weather condition. By 
increasing the amplitude A of the low-frequency tracking tone 20, the sensitivity of the tracking 
detector and associated electronics, as will be discussed below, may be greatly enhanced. It will 
be appreciated that, in one embodiment, a tracking signal may be generated and transmitted 
independently from the data communication signal 30. 
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The communication signal 30, generated either under ordinary operating 
conditions, or in response to an engage signal in the high-power or high-sensitivity mode, is then 
input into a current driver 32 to drive a laser 34 with a modulated signal 36 in the form of the 
communication signal 30 to produce a modulated laser output 38. The elements in the block 

5 diagram of communication electronics 10 are for illustrating the concept of combining the data 
14 and low-frequency tracking tone 20. Components of a realized system may perform multiple 
elements of the block diagram shown in Figure 1 . For example, using the model FMM3 1 IDG 
GaAs Laser Driver component manufactured by Fujitsu Semiconductor, Inc. can provide the 
functionality of elements 24, 28, and 32. The modulated laser output 38 may be directed through 

lOK an optical fiber (not shown) to a free-space optical transmitter 40 to produce the modulated 
S optical signal 12 representing the communication signal 30, which may include the encoded 

f 1 information contained in data 14. The optical signal 12 may comprise laser light in the range of 

m 

^ 1550 nm, for example. The optical signal may also be amplified by an erbium doped fiber 

H amplifier ("EDFA") or other type of optical amplifier prior to the free-space optical transmitter 

l£l 40, in one embodiment. 
iy ; The above discussion is limited to the case of direct intensity modulation of a 

laser transmitter by variation of the laser drive current. Other methods of imparting the 
modulated signal 36 to the optical signal 12 include, but are not limited to, polarization 
modulation by an electro-optic modulator, wavelength modulation by a wavelength-tunable 

20 laser, phase modulation by an electro-optic modulator and external intensity modulation of a 
continuous-wave laser using an electro-optic Mach-Zehnder interferometer. These alternative 
modulation methods may require adaptation of the receiver components to be compatible with 
the modulated optical signal. For example, phase modulation of the optical signal will typically 
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require a heterodyne or homodyne type of optical receiver for detection. The receiver discussed 
in the following assumes that the optical signal 12 is modulated in intensity only, consistent with 
the above discussion. However, the generality of the receiver to include other methods of optical 
modulation is within the scope of the present invention. 
5 The operation of receiving components in accordance with embodiments of the 

present invention may be understood upon reference primarily to Figure 3, which illustrates an 
embodiment of a free-space optical receiver 41 utilizing a pair of detectors for detecting the 
optical signal 12 transmitted from a corresponding free-space optical transmitter, as described 
previously with reference to Figure 1. Components of the receiver 41 may be embodied in a 
lCfK free-space optical terminal to varying degrees in embodiments of the invention, or may be 
§^ coupled thereto in other embodiments. The optical signal 12 is received by an optical element 
111 42, which may comprise a typical arrangement of lenses and mirrors designed to collect and 

li ■ 

fart \ t 4 

* focus light to a single receiving point as will be apparent to one skilled in the art. In one 
JJl embodiment, the optical element 42 includes a holographic optical element as described in 

'A ^ * 

l|J commonly-assigned U.S. Patent Application Serial No. 09/627,81 5, entitled SYSTEM AND 
B METHOD FOR USING A HOLOGRAPHIC OPTICAL ELEMENT IN A WIRELESS 

TELECOMMUNICATION RECEIVER, filed July 28, 2000, and incorporated herein by 
reference. 

The optical signal 12 is collected and transformed by the optical element 42 to 
20 produce either a collimated or converging optical signal 44, which is directed to a beam splitter 
46 that splits the collimated or converging optical signal 44 into a first optical signal 48, which 
may comprise a high-speed data component in an embodiment, and a second optical signal 50, 
which may comprise a tracking signal component in an embodiment. Figure 3 illustrates the 
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case where the collimated or converging optical signal 44 is collimated, however, one skilled in 
the art will readily adjust to the case of this beam being converging instead. The beam splitter 46 
may comprise a variable wave plate, a graduated reflective mirror (e.g., allowing approximately 
100% transmission at one extreme, and approximately 100% reflection at the opposite extreme), 
a polarizing beam splitter, or other suitable device to provide a capability for modifying an 
optical split ratio (e.g., the ratio of the first optical signal 48 to the second optical signal 50) 
between communication and tracking receive paths. Modification of the optical split ratio 
between communication and tracking receive paths may be facilitated, in an embodiment, by 
adjustment of the beam splitter 46 with a beam controller 47. 

The first optical signal 48 comprises approximately 90% of the collimated or 
converging optical signal 44 in an embodiment under ordinary operating conditions. The first 
optical signal 48 is directed, via a primary focusing lens 52 (which may be eliminated in cases 
where the collimated or converging optical signal 44 is converging), to a high-speed detector 54 
configured to detect the first optical signal 48, and to generate an electrical signal corresponding 
to the recovered communication signal 30, which is then input into communication electronics 
56 for processing and recovery of data 14. The high-speed detector 54 may be a typical InGaAs 
(indium-gallium-arsenic) detector, avalanche photodiode, PIN detector, or other detector suitable 
for the particular data speeds involved in a particular application. The processing of the signal 
detected by the high-speed detector 54 is beyond the scope of this disclosure, and will not be 
discussed in greater detail herein. 

The second optical signal 50 comprises approximately 10% of the collimated or 
converging optical signal 44 in an embodiment under ordinary operating conditions, but can vary 
with the percentage directed to the first optical signal 48 as discussed above. The second optical 



EL429890542US 



15 



Utility Patent Attorney Docket No.: 004524.P054 

signal 50 is directed, via a secondary focusing lens 58 (which may be eliminated in cases where 
the collimated or converging optical signal 44 is converging), to a tracking detector 60, which 
may comprise a quad cell detector in an embodiment, or other detector that generates electrical 
outputs that are then input to tracking electronics 62, described in greater detail hereinbelow. 
5 Although a quad cell detector will be described as the tracking detector in conjunction with the 
illustrated embodiments, other detectors, including single-cell detectors, or multiple-cell 
detectors having a plurality of cells (e.g., 6 or 8 cells), may also be utilized in other embodiments 
of the invention. A typical advantage of using the quad cell detector 60 is an increased field of 
view for detecting the optical signal 12 transmitted by the free-space optical transmitter 40 (see, 
l<ft{ e.g. 9 Figure 1). This wider field of view is due to the typically larger (in comparison to the high- 
speed detector 54) diameter of the quad cell detector 60, and provides an advantage useful for 
implementation of the illustrated embodiments. In the event that the pair of free-space terminals, 
% i between which the optical signal 12 is being transmitted, is not aligned well enough for the high- 
speed detector 54 to function, the wide field of view of the quad cell detector 60 may permit the 
1 |J transmission of auxiliary communications, which may include coordinated acquisition and 
tracking algorithms, or other system information that allows the system to function more 
effectively under the particular circumstances. Apparatus and methods of conveying auxiliary 
information between free-space optical terminals are disclosed in commonly-assigned U.S. 
Patent Application Serial No. 09/859,339, entitled TONE MODULATION FOR OUT-OF- 
20 BAND COMMUNICATION IN A FREE-SPACE OPTICAL COMMUNICATION LINK, filed 
May 16, 2001, and incorporated herein by reference. 

In response to a sensed inclement weather condition, such as fog or the like, a 
second engage signal may be sent to the beam controller 47 to modify the optical split ratio 



m 
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between the communication and receive paths to increase the percentage of the collimated 
optical signal 44 being directed to the tracking detector 60. This function of the high-power or 
high-sensitivity tracking mode of operation may be utilized in combination with other functions 
of the high-power or high-sensitivity tracking mode, such as increasing the amplitude A of the 

5 low-frequency tracking tone 20, to further increase the sensitivity of the tracking components of 
the free-space optical communication system. 

Each of four electrical outputs from the respective quadrants of the quad cell 
detector 60 are input into tracking electronics 62 and individually directed to a low-pass 
filter/amplifier, in an embodiment, to filter the electrical outputs within a relatively narrow 

l(M tracking signal bandwidth to produce a cell signal for each respective quadrant of the quad cell 

•aJ 

?J detector 60. Each cell signal provides an indication of the strength of the optical signal incident 

■'>' 

|i on that quadrant of the quad cell detector 60, which in turn provides an indication of the 

«?. 

%2 alignment between the transmitting terminal and the receiving terminal of the free-space optical 
f 4 communication system. Optimally, the optical signal will be centered on the quad cell detector 
1 60 such that each respective quadrant of the quad cell receives an identical portion of the incident 
C light ( e -g-> the second optical signal 50), and consequently produces an identical cell signal. The 
tracking electronics compare the four cell signals generated by the four respective quadrants of 
the quad cell detector 60, and provide relevant information to a steering mechanism (not shown) 
that can adjust the tracking and alignment of the terminals to provide a better communication 
20 channel for data transmission. 

In one embodiment in accordance with the teachings of the present invention, the 
tracking electronics 62 may be designed to decrease the tracking signal bandwidth, and narrowly 
filter the frequency corresponding to the low-frequency tracking tone 20 by multiplying the 
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signal(s) generated by each cell of the tracking detector 60 with a local oscillator having the 
same frequency as the low-frequency tracking tone 20 generated by the tone generator 22. The 
tracking electronics 62 may be configured to adjust the sensitivity of this tracking feature 
(bandwidth of the filter) in response to receiving an engage signal generated and sent from a 
5 sensor or other component in response to a sensed inclement weather condition. Since 
communication of data is not of primary concern during the inclement weather condition 
wherein high-power or high-sensitivity tracking mode has been implemented, there is no need 
for the tracking electronics 62 to compensate for high-frequency vibrations. Instead, the tracking 
electronics 62 need only compensate for slow thermal drift effects, and consequently, averaging 

1 to times on the scale of tens of minutes may be acceptable. Sensitivity of the tracking electronics 

m 

j| 62 may be further increased by utilizing a gated camera (not shown) as the tracking detector 60, 
I?! in an embodiment. By being turned "ON" only when a signal is available, noise can be reduced, 
^1 and the sensitivity of the tracking increased. 

O With reference now primarily to Figure 4, another embodiment of communication 

%1 

l^W electronics 64 is illustrated, showing a sensor 66, coupled to a controller 68, in turn coupled to a 
T: signal generator 70 that generates a signal 72 that drives a pulse laser 74, in an embodiment, to 
produce a pulsed laser output 76. The pulsed laser output 76 may then be input into an EDFA 
78, in an embodiment, which feeds a transmitter 80 to transmit an optical signal 82 having a 
pulse stream with a maximum time-averaged amplified power less than the average amplified 

20 power of the EDFA. The components of the communication electronics 64 may be substituted 
for, or used in conjunction with, the components of the communication electronics illustrated in 
Figure 1. Other suitable light sources may be utilized in other embodiments of the invention in 
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place of the pulsed laser to generate the pulsed drive signals to create a pulsed waveform 



consistent with this function of the high-power or high-sensitivity tracking mode of operation. 



Free-space optical communication systems, such as those described generally 



herein in conjunction with the principles of the present invention, are constrained in regard to a 



5 maximum amount of power that may be transmitted over a finite period of time. These 



constraints may be embodied in the form of eye-safety standards promulgated by federal, state or 



local regulatory agencies or other organizations. In general, eye-safety standards and maximum 



permissible exposures associated with those standards, are scaled based on an individual's 



exposure time. For example, with wavelengths longer than 1400 nm, if the maximum 



lCt permissible exposure is based on an exposure duration of 10 seconds, then by transmitting only 

short bursts equaling a total of 0.1 seconds in every 10 seconds, approximately 100 times as 
much peak power can be transmitted within the permissible maximum exposure standards. 

''4 ''• 

-%i In consideration of the foregoing, an additional function of the high-power or 

Q high-sensitivity tracking mode of operation comprises replacing the communication signal 30, 

■%$ 

lllJ transmitted under ordinary operation conditions, with a high-power pulse at a low-duty cycle. 

P 

fct The high-power pulses are more readily detected in inclement weather conditions. For example, 
Figure 5 A is an illustration of a typical OOK communication signal including encoded data, 



which may be generated and transmitted by communication electronics 10 (see, e.g., Figure 1) 



under ordinary operating conditions. Figure 5B illustrates a function of the high-power or high- 



20 , sensitivity tracking mode in accordance with an embodiment of the present invention wherein 



the typical OOK communication signal has been replaced by high-power pulses generated and 



transmitted by communication electronics 64 at a low-duty cycle such that the power transmitted 



during each successive time period ti falls within any applicable eye-safety standards as 
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discussed generally above. Although a rectangular waveform is illustrated in Figure 5B with 
regard to the high-power pulse, the pulse may be any waveform {e.g., triangular, sinusoidal, or 
the like) transmitted for a finite time, such as the low-frequency tracking tone 20 (see, e.g., 



Figure 1). Assuming the low-frequency tracking tone is being transmitted as a pulse at regular 
5 intervals for a duration of 0.1 seconds, as discussed above, the tracking electronics 62 (see, e.g., 
Figure 3) may be configured, in an embodiment, to selectively focus on either the frequency of 



the tracking tone 20 (e.g., 20 kHz), or on the waveform created by the pulses (e.g., 0.1 Hz) to 
facilitate maintenance of the alignment between the pair of free-space optical terminals. 



Functions of the high-power or high-sensitivity tracking mode of operation 
lQ-pl discussed above may be utilized in combination with one another, or separately, to achieve the 
§ ? 4 desired sensitivity of the tracking components of the free-space optical communication system 
If! and maintain the alignment of the pair of free-space optical terminals throughout the duration of 

' % i the inclement weather condition that triggered implementation of one or more functions of the 

% 

v;; ; : high-power or high-sensitivity tracking mode. 

While the invention is described and illustrated here in the context of a limited 
|4 number of embodiments, the invention may be embodied in many forms without departing from 
the spirit of the essential characteristics of the invention. The illustrated and described 
embodiments, including what is described in the abstract of the disclosure, are therefore to be 
considered in all respects as illustrative and not restrictive. The scope of the invention is 
20 indicated by the appended claims rather than by the foregoing description, and all changes which 
come within the meaning and range of equivalency of the claims are intended to be embraced 
therein. 



EL429890542US 



20 



